ABSTRACT. In order to evaluate the effect of high-concentrate diet supplementation on milk protein content, six Holstein dairy cows were assigned into high-concentrate diet (HC) or low-concentrate diet (LC) groups (N = 3/group) for 50 days. With regard to milk protein, HC feeding significantly reduced the percentage of milk protein (P < 0.01), and milk protein yield also reduced. The milk somatic cell count numbers and N-acetyl-D-glucosaminidase activity was significantly higher (P < 0.01) in the HC group than in the LC group. A pre-column derivatization procedure of o-phthalaldehyde was used to analyze the milk amino acid profile, the contents of Asp, Gln, Ala, Ile, Leu, and Lys were significantly lower in milk (P < 0.05), but Arg and Phe were significantly higher (P < 0.05) in the HC group than in the LC group. The mRNA abundance for amino acid transporters SLC7A8, SLC7A10 (P < 0.05), SLC1A3 (P < 0.05), and SLC16A10 (P < 0.05) were decreased in the HC group. These data indicate that expression of amino acid transporters alters regulation of amino acid utilization and decreases milk quality in dairy cows.
INTRODUCTION
Feeding practice may have an important influence on dairy cow milk production and health (Valde et al., 2007) . Highly fermentable diets are used to maximize energy intake and achieve high levels of milk yield or rapid growth rates. However, highly fermentable diets also increase the rate of acid production, which causes the lipopolysaccharide increased and translocated into blood (Khafipour et al., 2009) , reduced milk health (Capuco et al., 2003) , somatic cell count (SCC) and N-acetyl-D-glucosaminidase (NAGase) content increased (Leitner et al., 2001) . A previous study showed that alter amino acid (AA) metabolism and nitrogen balance in the plasma with increasing lipopolysaccharide content, which may be needed to compensate for the intake of protein concentration and AA metabolism demand (Waggoner et al., 2009) . AAs are important for cell growth in a variety of important physiological and biochemical processes and act as a substrate involved in cellular protein synthesis. A previous study showed that amino acid transporters (AATs) played important roles in the absorption process of AAs and are important nutrient sensing molecules that play an important role in mTOR signaling pathways (Edinger, 2007) . A recent study found that only a portion of the AAT was involved in regulating mTOR activation and caused mRNA translation (Heublein et al., 2010) . In ruminants, a role of mTOR in the regulation of milk protein synthesis in the mammary glands has also been highlighted (Burgos et al., 2010; Toerien et al., 2010) .
Milk quality regulation requires a strong interplay between all of the above elements, such as AA import/availability, AA transporter expression, NAGase, SCC, and mTOR signaling (Leitner et al., 2001; Bionaz and Loor, 2007) . This element has been singularly shown to play a role in milk quality and milk protein synthesis during the onset and throughout established lactation in dairy cattle. Hence, we analyzed if high-concentrate diet changes milk metabolism and protein content during lactation.
MATERIAL AND METHODS

Animals, experiment treatment, and feeding
In this randomized complete block design study, our group used lactating Holstein dairy cows (N = 6; 606 ± 15 kg BW). Prior to the start of the experiment, cows were split into two blocks (N = 3 each) according to the day they were delivered, and cows in each block were randomly assigned to one of two dietary treatments. To minimize the effect of lactating stage on results, each block was enrolled in the experiment when the cows reached, on an average, the above-specified dimension. The cattle were housed in a tie-stall facility at the Nanjing Agriculture University Animal Experimental Station and procedures were approved by the Animal Care Committee of Nanjing Agriculture University. Throughout lactation, the cattle had unlimited access to fresh water and were milked twice daily in their stalls.
Before the experiment, all cattle were fed a low-concentrate diet [LC; concentrate-toforage (C:F) ratios of 4:6; Table 1 ] over 10 days. The high-concentrate diet (HC; C:F ratios of 6:4; Table 1 ) was fed in equal installments. Diets were formulated to meet or exceed the minimum nutrient requirements set by National Research Council (NRC) (2001) . Using previously described methodology, dry matter intake was calculated daily for each cow during the experiment (Keunen et al., 2002) . The average intake for each cow during the baseline (LC-transitional period) was fed for the remaining five periods (Pe 1, 2, 3, 4, and 5; each 10 days/Pe). At the end of LC-transitional period, the cattle were fed an HC diet. The cattle were transitioned to the HC diet in equal increments over 5 days, which was fed until the end of the Pe 5 during the experiment. 
Mammary tissue, plasma, and milking
Briefly, percutaneous biopsies from each of six cows were obtained from the right of the mammary glands. All procedures were conducted under protocols approved by the University of Nanjing Agricultural Institutional Animal Care and Use Committee.
Blood samples were collected by jugular catheter into heparinized vacutainers for 4 h from each cow after feeding. Blood samples were immediately placed on ice, centrifuged at 3000 g for 20 min, and stored at -20°C until analysis.
Individual milk yields (kg) were recorded by milking at 04:30 and 17:00 h daily. The milk sample was collected into a sterile tube for testing, but the first three squirts of milk were discarded. Milk protein contents were measured at the Weigang Milk Testing Laboratory (Nanjing, China) using Integrated Milk Testing TM Milkoscan 4000 (Foss Electric, Hillerod, Denmark), and the number of milk somatic cells was determined using an electronic cell counter (Fossomatic, Foss Electric, Hillerod, Denmark). The milk samples were put on ice and centrifuged twice at 3500 g for 30 min at room temperature to separate phases. Then, we collected the stratum medium, placed it into a fresh 2-mL tube, and stored it at -20°C until analysis. The treatment of high-performance liquid chromatography (HPLC) samples and methods of injection are as follows: First, milk was centrifuged at 3500 g at 4°C for 10 min to separate. Second, the under-layer fluid (milk-samples-new) was collected and placed in a new 2-mL tube. Third, the acetonitrile (HPLC Solvents, USA) was added into milk samples and mixed by vortexing. Fourth, the mixed samples were incubated at 4°C for 30 min and centrifuged at 12000 g at 4°C for 30 min. Fifth, the supernatant was collected and placed at 4°C until analysis. Sixth, 20 μL o-phthalaldehyde was added into mixed samples and incubated for 2 min. Finally, 10 μL stop buffer was added and thoroughly vortexed until analysis.
AAs in milk and NAGase activity of milk and plasma
The chromatographic conditions of the assay of amino acids in milk by HPLC were as follows: a Hypersil C18ODS column (4.6 x 250 mm, 5 μm; Waters Co., USA) was used as an analytical column. The mobile phase consisted of 80% 0.02 M Na 2 HPO 4 -NaH 2 PO 4 , 15% methanol (HPLC solvents), and 5% acetonitrile with 1.0 mL/min flow rate, the detective wavelength of 340-450 nm, 20-μL injection volume, and the column temperature was 40°C. The NAGase activity in plasma and milk was determined using an NAGase kit according to manufacturer instructions. The kit was purchased from Nanjing Jiancheng Bio Institute (Nanjing, China).
Real-time polymerase chain reaction (RT-PCR)
Biopsy tissue was weighed (~0.5-1.0 g) and immediately subjected to RNA extraction using Trizol (TaKaRa, Dalian, China) as previously described (Loor et al., 2006) . RNA concentration was measured using a NanoDrop ND-1000 spectrophotometer (Desjardins and Conklin, 2011) . The purity of RNA (A 260 /A 280 ) for all samples was above 1.85. A portion of the RNA was diluted to 1 μg/μL using DNase/RNase-free water prior to reverse transcription. The cDNA was synthesized using 2 μg RNA and according to manufacturer instructions (TaKaRa). The reaction was performed in an Eppendorf Mastercycler ® Gradient using the following program: the sample was heated to 95°C for 2 min, kept for 5 min at 70°C, and then chilled on ice. cDNA synthesis was performed for 1 h at 37°C.
The qPCR was performed using 2 μL cDNA combined with a mixture composed of 5 μL SYBR Green Master Mix (Tiangen, China), 10-μM forward and reverse primers (0.4 μL each), and 0.2 μL DNase/RNase-free water in a Bio-Rad MyiQ TM Detection System (Applied Biosystems, USA). For the AAT primers (Table 2) , nucleotide sequences of Bos taurus were used for primer design and searching in the European Bioinformatics Institute (http://www. ebi.ac.uk/). The reactions were performed using the following conditions: 2 min at 50°C, 10 min at 95°C, 40 cycles of 20 s at 94°C (denaturation), and 30 s at 60°C (annealing + extension), and the final extension at 72°C for 10 min. Triplicate samples were used for quantitative RT-PCR. The final data were normalized using the geometric mean of the most stable genes among the ones tested as internal controls, as previously reported (Bionaz and Loor, 2007) . The relative amount of mRNA for each target gene was determined from the ratio of target gene mRNA to β-actin mRNA. According to the comparative threshold cycle (Ct) method, the amount of target mRNA normalized to β-actin and relative to an internal control was calculated by 2 -ΔΔCt .
Statistical analysis
Statistical analysis was conducted using ANOVA in SPSS-16.0. Differences among individual means were evaluated. The results are reported as means ± SE, and differences were considered significant when P < 0.05.
RESULTS
The results of dry matter intake, milk production, and milk protein during each period are shown in Table 3 . The decrease in dry matter intake was significant (14.3 to 13.92 kg/Pe; P < 0.01) in the HC group, while it was not significant in the LC group (15.9 to 15.58 kg/Pe). The density of the diet increased and obviously improved the milk production (P < 0.01) during all five periods. Dietary supplementation with an HC diet significantly decreased the milk protein percentage and yield (P < 0.05). Data are reported as means ± SE for HC compared with LC. Significant differences (P < 0.05 or P < 0.01). 3 Pe = period. Table 3 . Effects of feeding a high-concentrate (HC) or low-concentrate (LC) diet over time on feed intake, milk production, and milk components.
Figure 1 displays that the SCC was significantly higher in the HC group than in the LC group (P < 0.01). Dramatic difference in milk NAGase activity was evident between HC and LC cattle during the experimental period (Figure 2A ). The change of milk NAGase activity was highly significant (P < 0.01), as the NAGase concentration displayed 5.599 ± 0.165 and 2.051 ± 0.346 U/L, respectively. Plasma NAGase activity was higher in HC cattle than in LC cattle, but there was no significant difference (P > 0.05) between the two groups ( Figure 2B ).
According to the AA standard, the peaks of 15 analytes in the chromatogram and their parameters were determined (Figure 3) . Each standard amino acid has an independent retention time. In each amino acid, the regression coefficient was >0.995 over their clinical concentration ranges, and all calculated concentrations for the calibrators were within ± 10% of the assigned values. The different determination results showed an intraday relative standard deviation (RSD) from 2.98 to 5.63% and interday RSD from 3.69 to 5.92%, and all RSDs were less than 6.00% (Table 4) . Furthermore, the standard amino acid separated spectrum of a graph showed that each amino acid had independent peaks (Figure 3) . The parameters overall showed that the experimental conditions and precision were consistent with the HPLC detection requirement. According to Table 5, in the HC group, the Asp (P < 0.01), Gln (P < 0.01), Ala (P < 0.05), Leu (P < 0.05), Lys (P < 0.05), and Ile (P < 0.01) contents significantly decreased but the Arg (P < 0.05) and Phe (P < 0.01) contents significantly increased. Other amino acids (Glu, Ser, Thr, and Trp) showed no difference between HC and LC treatment (P > 0.05). All of the measured AAs showed that the content of the aromatic AA (Phe) was increased. x and y factors represent amino acid concentration and the area at the retention time, respectively, in the regression equation. RSD = relative standard deviation. Data are reported as means ± SE compared with LC cattle. *P < 0.05, **P < 0.01. Table 5 . Effects of high-concentrate (HC) compared with low-concentrate (LC) diet on milk amino acid profile.
The SLC7A8, SLC7A10, SLC1A3, and SLC16A10 mRNA abundances in the mammary are summarized in Figure 4 . Compared with those in the LC cows, SLC7A8, SLC7A10 (P < 0.05), SLC1A3 (P < 0.05), and SLC16A10 (P < 0.05) mRNA levels were lower in the HC cows.
DISCUSSION
This study analyzed the milk quality and mammary health of lactating dairy cattle during the transition from an LC to HC diet. To achieve this, we established a controlled feeding protocol to minimize variation in average daily feed intake, which is a common occurrence in cattle that are rapidly fed a fermentable diet ad libitum (Penner et al., 2009) . NAGase is an acidic hydrolase that is located within the lysosome and is secreted while the body is damaged, stressed, or diseased (Kitchen and Masters, 1985) . In ruminants, it has been confirmed that milk NAGase activity significantly increased and was attributed to mammary epithelial cells that were damaged in mastitis (Leitner et al., 2001) . Therefore, NAGase can reflect the destructiveness of sensitiveness index in mammary epithelial cells. In the healthy mammary gland (<105 somatic cells/mL milk), most viable somatic cells are macrophages and lymphocytes (Kehrli Jr. and Shuster, 1994) , but a few are neutrophils and epithelial cells (Rodrigues et al., 2009) . In the present study, the results showed that feeding an HC diet significantly increases the SCC content and NAGase activity, but the milk protein percentage and yield were obviously decreased. Previous studies showed that milk protein has a negative correlation with SCC (Burriel, 1997) . Thus, our group assumed that milk quality decreased with HC diet supplementation.
Milk protein is also an important index of milk quality. Thus, AA availability in bovine mammary glands is the primary limiting factor of milk protein synthesis, and it reduces milk quality (Bequette et al., 1998) . In vivo, AA is not only the raw materials of protein synthesis, but also metabolism in energy supplementation. In particular, glycogenic amino acids can be transformed to glucose, of which the main sources are albuminolysis and utilization of α-keto acid synthesis in organisms and plays an important role in participating energy metabolism (Battezzati and Riso, 2002) . Recent studies have found that AAs have an important role as signaling molecules that regulate eukaryotic initiation factor phosphorylation (Wang and Proud, 2008) , thereby regulating mRNA translation initiation phase and protein synthesis (Kobayashi et al., 2003) . Our results describe AA changes of 12 amino acids in milk that were Figure 4 . Expression of SLC16A10, SLC1A3, SLC7A10, and SLC7A8 genes in mammary tissue from dairy cows fed either a high-concentrate or low-concentrate diet. RNA extracted from mammary tissue was reverse transcribed to cDNA and analyzed by real-time PCR. *P < 0.05, difference between diets for each mRNA species.
unambiguously and accurately separated according to the eluting peaks time of standard AA ( Figure 3 and Table 5 ). According to Table 5 , glycogenic amino acid decreased, indicating that the cows do not have enough AA to use in the milk protein synthesis in the HC group. This is consistent with the findings of a previous study (Brasse-Lagnel et al., 2009) .
Most AAs can be effectively degraded or broken down in the liver, with the exception of branched-chain AAs (BCAAs). This means that basic BCAA are not directly metabolized by the liver. When the body needs AAs as an energy source, the efficiency of BCAA when oxidized to ATP is obviously higher than the other AAs (Rennie et al., 2006) , and then reduced AA availability inhibits protein synthesis in the muscle tissue (Kobayashi et al., 2003) . A similar study found that the reduction in blood BCAA may be associated with blood sugar regulation improvement (Laferrere et al., 2011) . Our results show that SLC7A8 and SLC7A10 were down-regulated in the HC group. Interestingly, SLC7A8 and SLC7A10 code for AAT systems L and ASC that specifically import neutral AAs, including BCAAs (Leu and Ile) (Fuchs and Bode, 2005) .
Alternatively, the BCAA contents, including Leu and Ile, were remarkably lower in this study. These data showed that the plasma BCAA may decrease the availability of circulation for milk protein synthesis in mammary glands. The decrease in expression of those transporters indicates an inactive import into BCAAs and several other essential AAs. Importantly, BCAA, as a signal molecule, plays an important role in regulatory milk protein synthesis in bovine mammary glands (Kimball and Jefferson, 2006; Sancak and Sabatini, 2009) . Leu activation of the mTOR pathway appears to take place via multiple mechanisms, including direct activation of mTOR by amino acid medium vps34 (MacKenzie et al., 2009) , which increases the assembly of the eiF4F complex (Kimball and Jefferson, 2006) and has a stimulatory effect on the phosphorylation status of eiF4G and p70S6K with regard to inducing protein synthesis (Huang et al., 2009 ). This result is consistent with previous data that showed that those AAs are lacking in the bovine mammary gland. As a result, protein synthesis was inhibited (Sancak and Sabatini, 2009; Burgos et al., 2010; Toerien et al., 2010) . Surprisingly, SLC1A3 expression, which encodes the EAAT3 that transports Glu and Arg and is among the non-essential AAs, was down-regulated in the HC group. Glu is the most abundant AA in milk and also has one of the greatest rates of import into mammary gland (Shennan, 1998) . However, the SLC1A3 was down-regulated and decreased Glu content in the milk (Table 5 ). As discussed above, the reason for this reduction in milk protein may be down-regulation of the expression of those AATs.
In conclusion, this study explored feeding cattle an HC diet, which resulted in increased milk production but decreased percentage of milk protein. Meanwhile, milk SCC content and NAGase activity increased. Bovine milk protein synthesis is decreased by decreasing AAT transport of AAs into mammary epithelium, with decreases of intramammary Leu and a consequent reduction of mTOR signaling or general translation. The differential changes of AA offer new insights into milk protein synthesis with high concentrate diet supplementation. Enhancing our knowledge of the effects on milk quality to feed an HC diet may help develop novel feeding strategies to mitigate the detrimental effects of the availability of circulating BCAA and improve milk quality.
